Background: Amplification of the ERBB2 (Her-2/neu) oncogene, which occurs in approximately 25% of breast carcinomas, is a known negative prognostic factor. Available data indicate that a variable number of nearby genes on chromosome 17q may be co-amplified or deleted, forming a continuous amplicon of variable size. In approximately 25% of these patients, the amplicon extends to the gene for topoisomerase II alpha (TOP2A), a target for anthracyclines. We sought to understand the significance of these associated genomic changes for breast cancer prognosis and predicting response to therapy.
Background
The ERBB2 (Her-2/neu) oncogene is amplified and overexpressed in 25% of invasive breast carcinomas [1] [2] [3] [4] . In general, ERBB2 amplification confers an unfavorable prognosis, although its significance is less than that of the traditional prognostic factors -stage and grade. Also, it seems that the prognosis and response to therapy varies considerably within the spectrum of ERBB2-amplified breast carcinomas (BC), indicating that they are biologically heterogeneous. The first targeted anti-neoplastic agent, Trastuzumab (Herceptin©), a monoclonal antibody to ERBB2, produces a response in approximately 15% of heavily pretreated patients with metastatic BC as a single agent [5] and in combination with chemotherapy improved the overall survival of patients with metastatic BC by 5 months [6] . It has recently been shown to decrease the risk of BC recurrence by about 50% in patients with ERBB2 amplified tumors in the adjuvant setting [7] . Unfortunately, only a fraction of patients with ERBB2-amplified breast carcinomas respond to Trastuzumab, further evidence for heterogeneity among these tumors.
The ERBB2 oncogene is located at the 17q12 chromosomal locus. Many genes located close to ERBB2 on 17q12-q21 are known or suspected to play a role in carcinogenesis, and specifically, in breast carcinogenesis. Previous studies demonstrated that the negative effect on the prognosis of BC attributed to ERBB2 amplification could, in fact, be due to co-amplification of the region adjacent but telomeric to ERBB2 [8] . One of the genes located in this region is Topoisomerase IIA (TOP2A). It has been demonstrated that amplification of ERBB2 in BC cell lines and in primary breast tumors is associated with simultaneous amplification or deletion of the TOP2A gene [9] [10] [11] [12] [13] [14] . Also, it has been shown that in BC, amplification of ERBB2 correlates with overexpression of TOP2A [15] , but it cannot predict it [11] . Some authors argue that ERBB2 and TOP2A overexpression could be independent prognostic factors of poor survival in BC [16] .
Topoisomerases are nuclear enzymes that modulate the topology of DNA by modifying the tertiary structure of the double helix. TOP2A is a 170-kD protein that binds to DNA, forming the cleavable complex, which allows intertwined replicated DNA strands to physically separate at the end of mitosis [17] . TOP2A is more highly expressed in rapidly proliferating cells, and expression is limited to the S to G2/M phases of cell cycle. TOP2A is a molecular target for some important anticancer drugs, including anthracyclines, which are the key chemotherapeutic agents in the treatment of BC. Anthracyclines stabilize the TOP2A cleavable complex and inhibit TOP2A catalytic activity (ibid). Therefore, it has been suggested that the empiric observation that ERBB2-amplified BCs respond relatively well to anthracycline-based chemotherapy [18] [19] [20] [21] [22] [23] is due to co-amplification of TOP2A [24] [25] [26] [27] [28] . These data suggest that co-amplification of at least one of the genes adjacent to ERBB2 can play a role in the response to a specific chemotherapeutic agent widely used in the treatment of BC. The significance of amplification or deletion of other genes adjacent to ERBB2 remains to be determined. TOP2A aberrations (amplification or deletions) occur in less than 10% of ERBB2 non-amplified breast tumors [29] . This indicates that ERBB2 amplification could be the primary genetic event involving chromosome 17q in breast carcinogenesis and the TOP2A alterations are secondary events.
We showed previously that amplification of ERBB2 and nearby genes appears to form a single amplicon of variable size, without intervening normal or deleted segments [30] , consistent with the break-fusion-bridge model for gene amplification [30, 31] , where recurrent doublestranded DNA breaks occur at vulnerable sites which become starting points for further amplifications or telomeric deletions. We systematically analyzed the amplification patterns of the region telomeric to ERBB2, using a series of fluorescence in-situ hybridization (FISH) probe sets. We determined that there are significant variations of the amplicon size, and that TOP2A can be amplified, normal or deleted. Here we conducted a retrospective study to determine whether the amplicon pattern, including amplification or deletion of TOP2A correlates with clinico-pathologic characteristics of breast tumors, markers of proliferation, and the clinical outcome of patients with ERBB2-amplified BC.
Results

Chromosome 17q gene copy abnormality patterns in ERBB2-amplified BCs
We showed previously that BCs with ERBB2 amplification have variable amplification and deletion of genes telomeric to ERBB2 [30] . This was demonstrated with the Vysis ERBB2 probe and 7 other FISH probes covering an adjacent 889 kb telomeric region (Figure 1 ). The amplified region (amplicon) may extend to or even beyond the TOP2A gene, contained within the 291F, 291Z.6, 291Z.2 probes, and appears to be continuous in 90% of cases studied, without intervening regions of normal copy number or deletion. If deleted segments are present, they begin just telomeric to the amplified segment, and almost always involve the TOP2A gene. In this study, the status of the 291Z.2 probe was used to assess the copy number of the TOP2A gene because: 1) the gene is more centrally located within the 291Z.2 sequence, as opposed to the 291F probe for which TOP2A is located near its telomeric end (furthest from ERRB2), and 2) 291Z.2 targets a larger region than 291Z.6, thereby providing a brighter signal that would be more accurately visualized in poorer quality specimens. The disadvantage of the TOP2A sequence lying near the terminus furthest from ERBB2 in the 291F targeted region is that amplicons can terminate just centromeric to TOP2A but still contain the majority of the 291F sequence, producing 291F signals bright enough to be counted as amplified, and misrepresenting the TOP2A gene status. shown. Similarly, comparing TOP2A expression frequency versus the TOP2A gene categorized as amplified, normal or deleted, did not show a significant association (p = 0.38), data not shown.
TOP2A expression level has been reported to reflect the proliferation rate of tumors [17] , and some authors have suggested that associations between TOP2A expression and/or gene amplification and the biological behavior of tumors occur on this basis (ibid). Here, we observed that TOP2A expression did show a modest association with expression of MIB1, a standard IHC assay for cell proliferation, correlation coefficient 0.54 ( Figure 2 ).
The presence or absence of TOP2A amplification was not associated with the frequency of MIB1 expression (p = 0.79), nor was Amplicon Class associated with MIB1 frequency (p = 0.58).
Association of BC clinical outcome with Amplicon Class and TOP2A gene copy number
The analysis of the clinical outcome data by chart review were obtained for 34 patients who presented with Stage I-III invasive BC and who had at least 18 months of clinical follow-up. The 9 patients with only DCIS were excluded from this analysis. Twenty-one other patients were also excluded, most often because follow-up was unobtainable, or they presented with Stage IV disease. Twenty patients received anthracycline-based therapy in the adjuvant setting and 3 in the neoadjuvant setting. The remainder never received anthracycline therapy, Table 2 The Amplicon Class IV, with TOP2A deletion, had 67% (6/9) cases with unfavorable outcome, whereas the other three classes combined had only 12% (3/25) unfavorable outcomes. The Kaplan-Meier estimates of time to tumor recurrence for patients with TOP2A deletion versus others are shown ( Figure 3 ). 56% of cases are estimated to recur by 18 months in the TOP2A deleted group, whereas only 8% are estimated to recur in the other patients. The difference in time to recurrence between these two groups is strongly statistically significant (p-value = 0.0002 from a log-rank test). Since the sample sizes are small, we also obtained the permutations based p-value of the log-rank test using the ExactRankTests package of the R statistical software, this latter p-value = 0.0006.
The Kaplan-Meier survival estimates of the TOP2A deletion group versus others are shown in Fig 4 (Figure 4 ). 44% (4/9) patients died during the follow-up in the TOP2A deletion group whereas 12% (3/25) died in the other group. The difference in survival between these two groups is statistically significant (p-value = 0.04 from a log-rank test and = 0.03 from the exact permutation based approach).
Due to the limited sample size, we considered multivariate analysis with TOP2A deletion and one additional covariate at a time. TOP2A deletion had significantly increased hazard of recurrence (HR = 8.6, p-value = 0.002) than the other group in a Cox proportional hazards regression analysis which also included age as a covariate. TOP2A deletion also had significantly increased hazard of recurrence after adjustment by grade (HR = 9.5, p-value = 0.002) and after adjustment by ER status (HR = 9.2, pvalue = 0.002). The effect of TOP2A deletion on survival was marginally significant (HR = 5.2, p-value = 0.06) after adjustment by age. The effect of age, grade and ER were not at all significant in either one of these analyses.
Thus, we found that Amplicon Class with TOP2A deletion in ERBB2-amplified BC was associated with shorter time to tumor recurrence and significantly higher risk of cancer recurrence independent of other covariates.
Association between frequency of expression of TOP2A and MIB1 in breast carcinoma cells Figure 2 Association between frequency of expression of TOP2A and MIB1 in breast carcinoma cells.
Discussion
This paper is the first attempt to relate the characteristics of the highly variable ERBB2-TOP2A amplicon in BC, categorized into clearly defined Amplicon Classes, to the phenotype of the tumors. The Amplicon Classes were not associated with the commonly used descriptors of breast neoplasia. Specifically there was no evidence that Amplicon Class was associated with the ability of tumor cells to invade normal tissue, since the Class distribution was similar in invasive carcinoma and DCIS. Amplicon Class also seemed not to vary with stage at presentation, or hormone receptor status. These observations suggest that Amplicon Class may be independent of the most useful classical prognostic markers.
TOP2A deletion emerged as a strong predictor of unfavorable outcome and shorter disease-free survival, whereas no significant association with TOP2A amplification was found. This is not inconsistent with our previous study of local tumor response in locally advanced BC, most of which did not have ERBB2 amplification, and all of which were treated with neoadjuvant anthracycline-based therapy [25] . TOP2A amplification was associated with tumor response in this study, but the patients and the end point were quite different than the present study. Comparing Amplicon Class II with Amplicon Class III, amplification of genes between ERBB2 and TOP2A was also not associated with outcome or time to recurrence in this study. We also assessed TOP2A expression by IHC, but we did not find a significant association with clinical outcome or time to recurrence. TOP2A deletion was not associated with significantly reduced expression of TOP2A. This raises the possibility that TOP2A deletion may be a marker for another genetic event, most likely involving a nearby gene, whose altered expression confers an adverse prognosis. In fact, the 291Z.2 probe contains all or part of at least 3 genes in addition to TOP2A (Figure 1 ). Identifying the significant gene will require studying more patients with TOP2A deletion at higher resolution. It is not possible to link the adverse prognostic significance of TOP2A deletion to anthracycline resistance in this group of patients, since 5 of the 9 patients with adverse outcomes did not receive anthracyclines. Given the existing evidence on the higher likelihood of TOP2A amplified tumors to respond to anthracyclines, this observation may indicate that TOP2A deletion is an unfavorable prognostic marker independent of chemotherapy, but the small number of patients does not allow drawing any definitive conclusion. The association between clinical outcome and anthracycline therapy (received vs. not received) was not significant (p = 0.4 from Fisher's exact test).
This study of Amplicon Class versus clinical outcome is based upon a small number of highly selected (ERBB2-amplified) BC patients with relatively short follow-up. These factors probably account for several unexpected findings in this study. Among all factors considered only TOP2A deletion was associated with survival. We have not observed the correlation between survival and stage, presumably because the follow-up was too short. The fact that all of the tumors had ERBB2 amplification may have obscured the association of other established prognostic factors, such as ER and PR with outcome. Nevertheless, the study is significant because it demonstrates that the recently recognized molecular heterogeneity of the ERBB2 amplification event may have clinical significance, although this finding requires confirmation in a larger group of patients. It has been assumed that the adverse effect of ERBB2 amplification is mediated largely or entirely via associated overexpression of the ERBB2 oncogene, but associated copy abnormalities in nearby genes may also be involved [32] .
TOP2A has been studied in BC by other investigators, primarily because it is a marker of proliferation and a target for anthracyclines [33] [34] [35] . However, the information on the prognostic role of TOP2A is limited and the use of anthracyclines could be a confounding factor to assess it. Moreover, in previous studies [15, 36] [29] 50% of ERBB2-amplified breast tumors had TOP2A co-amplification and 16% had monoallelic deletion of TOP2A. In ERBB2 non-amplifed tumors, TOP2A was never amplified and in 5% of the tumors there were monoallelic deletions of both ERBB2 and TOP2A genes (ibid). In one published analysis of a large collection of primary breast tumor samples, TOP2A alterations were reported in 23% of all tumors, regardless of their ERBB2 status: 12% had TOP2A amplification and 11% had TOP2A deletion [38] . In this study both TOP2A amplification and deletion were associated with improved recurrence-free and overall survival if treated with anthracycline-based chemotherapy as opposed to a nonanthracycline regimen.
Our data confirm the results of the recently published retrospective analysis of tissue samples from the large adjuvant clinical trial [42] which have demonstrated that TOP2A aberrations, including both TOP2A amplifications and deletions, are significantly associated with shorter recurrence free and overall survival. A clear benefit from adjuvant anthracyclines was identified in women with TOP2A amplifications [38,29,42] and a non-significant trend for improved survival was observed in women with TOP2A deletions [42] . Thus, the TOP2A deletion in BC seems to confer a poor prognosis, but more studies are needed to elucidate the responsiveness of these tumors to anthracyclines.
Trastuzumab may be synergistic, additive or antagonistic in combinations with different chemotherapeutic agents.
With the recent approval of Trastuzumab for the adjuvant treatment of BC and expanding its use, the importance of exploring molecular markers in the vicinity of ERBB2 is increased [43, 44] . Slamon et al. [1] recently illustrated this point with the preliminary analysis of the BCIRG 006 clinical trial data [45] . These results suggest that patients with co-amplification of TOP2A comprise the subset of patients who benefit from anthracyclines in the adjuvant setting. Therefore, patients without TOP2A co-amplification may be better treated with combinations of nonanthracycline drugs with Trastuzumab, which would decrease the risk of cardiotoxicity. In fact, we recently reported that ERBB2 amplicons that did not extend to the 291Z.2 (TOP2A) locus (Class II + Class III amplicons) were associated with improved response to trastuzumab relative to amplicons that included the 291Z.2 locus (Class I amplicons) [46] . Although the combination of Trastuzumab and anthracyclines may seem to be very powerful against ERBB2 and TOP2A amplified BC, this combination is cardiotoxic. It would seem reasonable to search for new non-cardiotoxic inhibitors of TOP2A to combine with Trastuzumab. One of these agents, suberoylanilide hydroxamic acid (SAHA), is currently in clinical trials [47, 48] .
Conclusion
The TOP2A deletion is associated with increased risk of BC recurrence and death from breast cancer in patient with ERBB2 amplified BC. Clarification of the mechanism of this association will require additional study.
Materials and methods
Hybridization Probes
The probes have been described in detail previously [30] . Single clones used for FISH probes were the following: 
In Situ Hybridization
The procedure has been described in detail previously [30] . Briefly, the specimens were prepared by immersion of the slides in Vysis Pretreatment Solution (Abbott Molecular) at 80°C for 10 minutes. The slides were then immersed in a solution of 4 mg pepsin (2500-3000 U/ mg), rinsed in water, and dehydrated in 70%, 85%, and 100% ethanol. The slides were hybridized with the 3-color FISH probe solutions in a HYBrite™ automated codenaturation oven (Abbott Molecular) and then immersed in 73°C 2 × SSC/0.3% NP40 for 2 minutes for removal of nonspecifically bound probe. 
Enumeration of FISH signals
Immunohistochemistry
In preparation for antibody staining, paraffin sections (5 microns, freshly cut) were deparaffinized and rehydrated using standard technique. A microwave antigen retrieval method was then carried out in citrate buffer. The tissue was stained using a Ventana ES Histo-stainer (Ventana Medical Systems, Tucson, AZ), using supplied diaminobenzidine and avidin-biotin conjugate immunoperoxidase chemistry. Sections were stained for TOP2A with the JH2.7 monoclonal antibody from Lab Vision Corp. (Fremont, CA) at a dilution of 1:100 and MIB1 with the Ki-S5 antibody (Dakcytomation, Carpeneria, CA), dilution 1:50. A single block from the pre-therapy biopsy was selected for analysis for each patient on the basis of having the greatest area of well-preserved tumor. Immunostaining frequency of all tumor cells on each slide was scored subjectively on a scale of 0 to 4 (actual cell counting was not performed) without knowledge of clinical patient data, as previously described [49] . Less than 1% positive tumor cells were scored as 0, 1-10% as 1, 11-35% rated 2, 36 -70% rated 3 and over 70% rated 4 on the scale. Tumor cell staining intensity was also scored on a scale of 0 to 4, but was found to be so closely related to frequency that it was not further considered in this study. Only nuclear staining was considered for TOP2A.
Statistical analysis
Fisher's exact tests and Chi-square tests were used to measure the significance of the association between pairs of categorical variables such as those between the amplicon class, patient descriptors, molecular variables and the clinical outcome of evidence of disease. Permutation based exact p-value were used for these tests since they are more appropriate for small sample size. Specimens were divided into 4 categories based on the FISH data as explained below. Immunohistochemical expression was divided into three categories: overexpressed (frequency 3+ and 4+), expressed (frequency 1+ and 2+) and undetected (frequency 0).
Time to recurrence and overall survival were measured as months from the start of treatment to the time of tumor recurrence, death or last follow-up. Survival curves were estimated by the Kaplan-Meier method and are compared by the log-rank test. Due to the relatively small sample sizes, exact permutation based p-values, available in the R statistical software, are reported for the log-rank test. Age adjusted time to recurrence and time to survival are analyzed using the Cox proportional hazards regression. SAS version 9.0 and the R statistical software were used in the data analysis. All reported p-values are two-sided. 
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